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ABSTRACT: The glass transition of poly(2,6-dimethyl-1,5-phenylene oxide) (PPO) films with thickness ranging
from about 6 nm (approximately half of radius of gyration, R,) to 330 nm (~29 R,) was studied by the recently
developed differential alternating current chip calorimeter with sensitivity on the order of tenths of a pJ K~1. No
thickness dependence of the glass temperature T, was found for this polymer. T,s of all the films measured in the
available frequency range (~0.5 to ~1000 Hz) can be fit by a single Vogel—Fulcher—Tammann function in the
activation plot within an uncertainty of 3 K, thus showing no deviation from the common VFT behavior even
for the thinnest film. There is also no detectable change in the shape or width of the step in heat capacity at 7,.
Finally, we found that calorimetric relaxation strength at the glass transition was proportional to the thickness of
the film within an uncertainty of about 25%. Consequently, we estimate the thickness of the layer deviated from

the bulky behavior to be within 1.5 nm.

Introduction

There have been increasingly widespread interests in the study
of the glass transition of polymer thin films, both technologically
and scientifically. Technologically, polymer thin films in their
glassy states have very important applications in the field of
coating and protection, soft lithography, microelectronic devices,
and so on. Scientifically, the theory of the nature of glass and
glass transition was proposed as the deepest and the most
interesting unsolved problem in solid-state theory.' Polymer thin
films provide suitable samples to study the finite size effects
on the glass transition.” 2! People investigate the dependence
of the glass transition temperature 7,(d) with decreasing film
thickness d until comparable with the radius of gyration (Ry)
of the polymer chain, expecting to capture the characteristic
correlation length of the glass transition §. However, prior
studies on various systems have shown that with decreasing d
T,(d) can increase, decrease, or remain constant depending on
the details of the sample, preparation, and measurement
techniques (see Richert’s expansion of McKenna’s arrow chart’).
It is generally recognized that in cases of weak confinement
(free surface, weak film—substrate interaction, or soft confining
wall) polymer chains will show increased dynamics, e.g., shift
of T, to lower values, faster dewetting or demixing, etc. Residual
stress and/or reduced level of entanglements during spin-coating
of the films are also proposed as the reasons for this.?> The
dynamics of thin films has been investigated with ellipsom-
etry,>> 7 positron annihilation lifetime spectroscopy (PALS),*"?
Brillouin scattering,”**® and X-ray/neutron reflectometry.?*-*
In these studies, the temperature dependence of the independent
variable is recorded at a given linear heating/cooling rate, and
the change in the temperature dependence is attributed to the
glass transition. Broadband dielectric spectroscopy (BDS) that
gives directly the time scale of the relaxation is also recently
applied to the study of ultrathin polymer films.'?2031734
However, the calorimetric method, the most frequently used
method in the study of bulk glasses, is seldomly used in the
study of thin films, partly owning to its low sensitivity.*

* Corresponding authors. E-mail: dzhou@nju.edu.cn; christoph.schick@
uni-rostock.de.

" Nanjing University.

* Rostock University.

10.1021/ma8012543 CCC: $40.75

With introduction of the silicon nitride membrane technology,
performance of calorimeters has been greatly enhanced. ¢3¢
The heating rate as well as the sensitivity of the thin-film
calorimeter constructed on a submicron SisN, membrane
microchip module can be very high mainly due to the very small
addenda heat capacity of the cell itself. Allen and co-workers
pioneered thin-film differential scanning calorimetry (TDSC)
based on silicon nitride membranes for ultrafast heating. '
When operated under high-vacuum conditions (ca. 1073—107°
Pa), the heating rates can be as high as 107 K s™!, and the
sensitivity is several tenths of a pJ K~1.*® With this ultrafast
TDSC, they studied glass transition of polystyrene, poly(2-
vinylpyridine), and poly(methyl methacrylate) films with thick-
ness ranging from hundreds of nanometers down to 3 nm. No
thickness dependence of T, was found.'>~"” Because of the
nearly adiabatic conditions, controlled cooling at constant rate
is not possible, as recommended to obtain glasses of well-defined
history. To overcome this limitation and to perform experiments
on longer time scales, Efremov performed annealing experiments
to follow the relaxation processes below the glass transition after
cooling.!” These results were recently compared with variable
cooling rate ellipsometric measurements.’ It was shown that a
change from VFT to Arrhenius-like behavior occurs depending
on cooling rate applied in ellipsometric measurements, but no
changes in the calorimetric glass transition temperature were
observed. Fakhraai et al. argued that the discrepancy was due
to the calorimetric measurements being performed at higher
rates.” To obtain more direct information about the glass
transition dynamics in a wider dynamic range, we have
constructed a differential ac chip calorimeter with very high
sensitivity (~50 pJ K~!) and wide modulation frequency range
(10~'—103 Hz)."® The ac calorimeter is based on the same chip
as was used for fast scanning calorimetry with controllable
heating and cooling rates of up to 10® K s71.3%° We have
previously studied the glass transition of polystyrene and
poly(methyl methacrylate) films with thickness below 10 nm
using the ac calorimeter.'®*' We find that T, is independent of
the thickness, and the frequency dependence is described by
the VFT behavior in the range from 1 to 10° Hz.

In this article, we studied the glass transition of poly(2,6-
dimethyl-1,5-phenylene oxide) (PPO) thin films with thickness
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Figure 1. Left: sensor XI272 (Xensor integrations, NL>%) in a standard
TO-5 housing used in this study. Right: six thermopiles (small bright
rectangles) are arranged in the central heated area (100 um x 100 um).
The arrow points to the outer of two pairs of heater strips. The roughness
in the central area is about 3.5 nm rms.

in the range from about about 330 to 6 nm. In terms of R,,
these films were 29 to 0.5 times the R, of PPO. We find that
there is no obvious shift of 7, (within 3 K) or deviation from
the VFT behavior even for the thinnest film. Additionally, we
find there is no detectable change in the shape or width of the
transitional step of the heat capacity and that the steplike change
of the apparent heat capacity at the transition is proportional to
the thickness of the film within uncertainty of about 25%.

Experimental Section

1. Samples. Poly(2,6-dimethyl-1,4-phenylene oxide) (M, =
72000, M./M, = 130, R, =11.4 nm, P2501-4-DMPO) was
purchased from Polymersource, Canada, and was used as received.
The thin films with different thickness were prepared by spin-
coating from solutions with different concentrations. The filtered
(minipore, 0.2 um) PPO/toluene solution was spin-coated onto a
cleaned silica wafer for the thickness measurement and directly
onto the center position of a cleaned and annealed sensor for the
calorimetric measurements. The same spinning rate (3000 rpm) and
spinning time (60 s) were used for all samples. The thickness of
the film on the silica wafer was measured by X-ray reflectivity,
and it agreed quite well with the calculated value that is based on
viscosity, spinning rate, and solvent volatility.**> Because of the
similar surface properties between the sensor and the wafer, it was
assumed that thicknesses were the same for the same sample
preparation procedure.

The measured glass transition is strongly affected by the sample
preparation details.*' ~** To avoid oxidation during annealing at
higher temperatures, all measurements and annealing were per-
formed under nitrogen flow.>' Quasi-isothermal ac calorimetric
measurements allow us to follow the multiexponential like decay
of the signal amplitude during annealing of the thin films. Such
decay speeds up with increasing temperature but always exists if
the sample is not annealed above the bulk glass transition
temperature for a long enough time. At the moment, we cannot
make sure whether the decay comes from the residual solvent or
the relaxation of the metastable state.** So unless otherwise
specified, the heating/cooling traces in this work are obtained after
they become stabilized. Before and after the calorimetric measure-
ments, the sensor surface was checked by AFM, and no dewetting
was observed.

2. Method. The full details of the method are described in ref
18. In this work, the sensor has a larger smoother heated area (100
um x 100 um), as shown in Figure 1. Another difference is that
the thermopiles (six shining rectangles in right part of Figure 1)
are located inside the central heated area; as a result, a correction
for the temperature difference between heater and thermopile is
no longer needed in this case. The frequency (w) dependence of
the radius (r,) of the effective heated area of the sensor is
recalculated** as r, = ro + a&(w)~!, where ry is the static value,
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E(w)™! the characteristic length describing the decay of thermal
wave in the SiN, membrane, and o a calibration factor of about
0.2.** At higher frequency, &(w)~! becomes smaller according to
E(w) ' = V2E7 1 + (1 + (wlwp)®)]793, where &, is the value
of &(w)~! when w is much smaller than w,. wy is the characteristic
temperature perturbation frequency below which the thermal
response of the system behaves quasi-statically. Both &' and w,
are solely determined by the material and fabrication parameters
of the sensor.** Considering all the contributions discussed above,
the apparent heat capacity of a single sensor plus sample in the ac
calorimetry equals

Cp(@) = [Cy(®) + Cy(w) + Gliw] (1)

where Cy(w) and Cs(w) are the heat capacity of the empty sensor
and sample, respectively. G/iw is the heat loss through the
surrounding gas. The heat exchange coefficient G can be obtained
for any fixed temperature from the frequency dependence measured
in the range, from 0.1 Hz to 1 kHz, as described in ref 45.

In the differential mode, the heat capacity of the sample is given
in terms of measured quantities by

Cs = inC(AU — AU,)/SP, )

where C = Cy + Gliw is the effective heat capacity of the empty
sensor, S the sensitivity of the thermopile, P, the heating power
applied, AU the complex differential voltage amplitude for an empty
sensor and a sensor with sample, and AU, the complex differential
voltage amplitude from two empty sensors.

During the measurement, the heating power is kept constant at
about 20 #W, resulting in a temperature amplitude from about 0.25
K at low frequency (<1 Hz) to 0.1 K at high frequency (>1000
Hz). C and S change slowly in the temperature range of the glass
transition. As a result, the change of sample heat capacity at glass
transition can be estimated as

ACy = C4(l) — C(g) = inC[AU() — AU()I/ISP, (3)

In this study, the underlying heating/cooling rate of the thermostat
is 1.0 K min~!. At frequencies below 1 Hz, heating/cooling rates
of 0.5 or 0.1 K min~! are used to ensure that the temperature drift
in the interval of data acquisition is within 0.2 K. We compared
the measurements with different underlying heating/cooling rates
and find that they show little effect on the measured heat capacity.

Results

Figure 2 shows a typical measurement of a 65 nm thick film.
In the upper panel, where the amplitude of the differential
voltage is shown, the step of the differential voltage that relates
to the change of the heat capacity during the glass transition is
clearly seen. In the bottom panel, the phase angle of the
differential voltage is shown. As it is commonly observed in
ac calorimetry, there is a peak superposed onto an underlying
step.***” The step is attributed to the step in heat capacity. The
peak is originated from the relaxation behavior of the imaginary
heat capacity during the glass transition. Both contributions can
be separated as described in ref 47, and the corrected phase
angle is shown in the bottom curve.

To determine the glass transition temperature 7,, we can use
either the half step construction in the amplitude of the heat
capacity or the peak value in the phase angle. Both give a quite
similar 7, with uncertainty within £2 K. For the PPO film with
a thicness of 65 nm, the 7, measured at 20 Hz (the heater current
is at 10 Hz) is 237 + 2 °C.

In Figure 3, data for the thinnest film are shown. The peak
in the phase angle for the 6 nm thick film becomes very small
and comparable to the noise level of the instrument. Nonetheless,
we can still see the small step in the amplitude of the voltage
after smoothing with adjacent points averaging methods (Origin



7664 Zhou et al.

9.6

AU o ~ 5101V

9.4+

9.2+

AU N pV

9.0+

8.8
T,=2367 °c

8.6 T T T T
180 200 220 240 260 280

Temperature in °c

{10 9
3
-78.5 g
=3 ©
3 - {05 2
°
£ =
‘© -79.0- 2
= o
@ 3
9 a
§ -79.5 o
o a
)
fos]

-80.0

180 200 220 240 260 280

Temperature in °c

Figure 2. Amplitude (upper) and phase angle (lower) of the complex
differential voltage amplitude of a thick film (65 nm). In the amplitude,
a step is clearly seen. In the phase angle, a heat capacity relaxation
peak is superposed onto an underlying step. The phase angle is corrected
by subtraction of the contribution from the underlying step in heat
capacity.*” The T, extracted from the half C, construction and peak
position is the same within the error limits.

8.0, 100 points). The first derivative of the smoothed curve is
used to extract the T, and the value of the amplitude step AUjiep,
as shown in the lower panel of Figure 3. Using different
smoothing methods and parameters, we find that the variation
of the T, is about 2 K and the variation of AU is about
+10%.

Figure 4 summarizes the results for all of the PPO films for
all the thickness studied. The frequency dependence of T, is
shown in the activation diagram and fitted by the VFT equation
We can see that for the same frequency the T, difference

_ B
logf=fy + Tg — T, 4

between films of different thickness is only about 3 K, a value
that is similar to the uncertainty of the method. Tys of all the
films measured in the available frequency range (~0.5 to ~1000
Hz) can be fit in the activation plot by a single set of parameters
for the Vogel—Fulcher—Tammann function. No obvious devia-
tion from the VFT behavior is observed even for the thinnest
film and lowest frequencies. In a recent Letter, Fakhraai, and
Forrest found that the 7,’s thickness dependence could be
observed only at slow heating/cooling rates.” For polystyrene,
its Ty’s thickness dependence became negligible when the
heating/cooling rate was above 90 K/min.” For our thinnest film
of 6 nm, it is very difficult to perform measurement below 1
Hz, because at such low frequency the heat loss through the
gas dominates the signal. To be able to compare with Fakhraai
and Forrest’s work, we need to decrease the frequency down
to 0.01 Hz, which is possible under reduced pressure.

Discussion

The glass transition and mobility of polymers confined into
very thin films has been the object of intense interest and debate
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Figure 3. Upper: differential voltage amplitude measured for the
thinnest film (6 nm) after 130 points averaging within each one degree
and smoothing. For this thin film, the differential amplitude and its
relative change at T, decrease accordingly compared with those of the
thick film. The relaxation peak appeared in the phase is too small to
be visible. Lower: first derivative of the amplitude curve to extract 7,
and the change of the voltage amplitude during the transition.
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Figure 4. Frequency dependence of 7, of PPO films of different
thickness. The curve represents the VFT fit with the parameters
indicated in the graph.

in recent years.””'” There are many experimental and simulation
results supporting the enhanced mobility and depression of 7T,
in ultrathin films®> '® as well as many experimental results
questioning this notion."' ' Some of the possible explanations
to consolidate the discrepancy include (1) microscopic (local
friction, viscoelastic properties, etc.) and macroscopic properties
(heat capacity, density, etc.) investigated by different techniques
do not necessarily deliver the same information regarding the
glass transition;'? (2) different techniques have different win-
dows of length, time, or frequency scale, detecting different
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Figure 5. Step of the change of amplitude of the complex differential
voltage at T, versus film thickness from X-ray diffraction of similar
samples on silicon wavers. The inset shows the measured amplitude
normalized by film thickness. The curves at different film thickness
collapse together with an uncertainty of about 25%.
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Figure 6. Frequency dependence of amplitude of complex voltage
measured for one empty sensor, where effective heat capacity of the
sensor can be obtained (see ref 45 and text for details). For this sensor,
from the measured or calibrated values as shown in the graph, the
effective heat capacity is about 700 nJ/K at the perturbation frequency
of 10 Hz.

dynamics with their scale windows;” and (3) the different
strength of the surface/interface interactions.? It is not the aim
of this article to support or question the validity of enhanced
mobility, partially because the interaction between the PPO and
the substrate is not well characterized. Our goal, rather, is to
measure the steplike change of heat capacity during the glass
transition for films as thin as 6 nm and observe any T shift as
a function of thickness d. From this step, we can quantify the
mass, or volume, or thickness of the film under investigation.

The step height (see Figure 5) follows a linear trend with
film thickness. Because the effect heated area of the sensor is
little affected by the sample on it, we would expect that the
measured mass is proportional to the thickness of the film. This
linear trend then confirms the thickness change of the polymer
film on the sensor as discussed in the Experimental Section.
Also interesting is that when we normalize the curves with the
respective thicknesses of the films, we find they collapse onto
each other within an uncertainty of 25%, as shown in the inset
to Figure 5. No detectable change in the shape or width of the
step is detected.

In eq 3, we explain how to convert the measured differential
voltage step into the heat capacity step. To accomplish this, we
should know the value of € and S in advance. This can be done
using the frequency dependence of one single sensor, as shown
in Figure 6. There are two plateaus at low and high frequencies.
At low frequencies, the signal is solely determined by the heat
loss through the gas. At high frequencies, the temperature
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amplitude decreases as Po/(iowC + G). As a result, there exists
a certain frequency range that optimizes the sensitivity for the
measurement of sample heat capacity, normally around a few
tenths of a hertz. Because heat capacity of the sample (~10
nm film thickness) is much smaller than that of the addenda
(~500 nm SiN, membrane plus ~700 nm protecting SiO; layer),
and the latter changes slowly in the temperature range of PPO’s
glass transition, we can safely use the effective heat capacity
of the empty sensor at the sample’s T, to evaluate the step of
heat capacity change during the glass transition of the sample.
As shown in the legend, the heater’s current frequency f'is equal
to 10 Hz (the power is at 20 Hz), sensitivity S is equal to 2160
1V K1, and perturbation power is 18.7 uW; then the effective
heat capacity of the sensor C equals about 700 nJ/K. With the
above calibration parameters for one single sensor, we obtain
the following relationship: ACs(7y) ~ (1.6 nJ/K)(AUsep/uV).
Since the measured step is about 47 nV, for the thinnest film of
6 nm, the change in heat capacity AUse, is about 75 pJ K-

To compare the above measured AU, with the value
estimated based on the sample mass and its specific heat
capacity, we should know the size of the effective heated area.
In the case of perturbation frequency being 10 Hz (angle
frequency of the thermal wave being 407 s™1), &(w)~! equals
about 200 um with the practical material and fabrication
parameters of the sensor.** We can then estimate the radius of
the effective heated area to be about 100+/2/2 + 0.2 x 200 =
110.7 um. The effective heated volume is then about 2.3 x
10719 cm?, given the thickness of 6 nm. For such a volume, the
change of the heat capacity should be 55 pJ K™!, given the bulk
density of 1 g cm™ and AC,(Ty) of 0.24 J g=! K='.*® The
difference between the measured and estimated value is about
27%, similar to the uncertainty of the linearity approximation
between AU, and thickness £, as shown in Figure 5 and its
inset. The consistency here shows that our measurements are
quite reasonable. The difference may come from the underes-
timation of the thickness and/or the fitting parameter a. The
estimation of fitting parameter can be further tested with new
sensor designs, but this is beyond the scope of this article.

Another highly possible and interesting reason for the
mismatch is the deviation of the surface/interface layer from
the interior “bulk” behavior. Three-layer models are often
applied to explain the shift of 7, from bulk value in supported
thin films.** A liquidlike free surface and a film/substrate
interface layer with different constraints are recognized as the
reason for the shift of T,. It is natural to consider their effect
on the strength and shape of the glass transition, i.e., step of
heat capacity. What is the “thickness” of the free surface or of
the constrained interface? By PALS, De Maggio et al. find that
the thickness of the free surface for the glass transition of
supported polystyrene is about 2 nm® or, more generally, similar
to the size of cooperative rearranging region.”® Swallen et al.
found a liquidlike layer in a low molecular weight compound
of more than 1 nm from neutron reflectivity.’' A similar effect
was discussed for data on PS from calorimetry and dielectric
spectroscopy.”” With fluorescence probe spectroscopy, Torkel-
son et al. found that for PMMA both free surface and
constrained interface perturbed the glassy-state structural re-
laxation rate at least for 100 nm and less than 250 nm into the
film interior, while the thickness that the glass transition
temperature was perturbed was about 25 nm.>* These studies
show that the thickness of the disturbed layer is dependent on
the material itself and the property under investigation. In our
case, we find that ACs(T,) was proportional to the thickness of
the film within uncertainty of about 25%. Consequently, we
can estimate that the deviations regarding calorimetric glass
transition from the “bulk” behavior are limited to less than 1.5
nm for the thinnest film of 6 nm. Another observation from the
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inset in Figure 5 is that not only does the relaxation strength
scale with film thickness but the shape of the curve remains
basically unchanged going from 330 to 6 nm thick film. If a
gradient in mobility, probed by the calorimetric measurements,
would exist, one expects to see a broadening of the glass
transition interval for thinner films, but it is not observed in
this study. Finally, we note that from a technical point of view
determination of the thickness of the disturbed layer is still
extremely challenging. With high-vacuum ellipsometry, Efre-
mov recently showed that the measurement is highly susceptible
to residual solvent or water. Even under the pressure of
107=10~7 Torr, sorption or desorption of such impurities
significantly changed the thickness of the free surface and
interface.?’

Summary

In this article, we investigated the glass transition poly(2,6-
dimethyl-1,5-phenylene oxide) (PPO) films with thickness
ranging from about 6 nm (approximately half radius of gyration,
Ry) t0 330 nm (~29 R,) using the recently developed differential
alternating current chip calorimeter. We found that 7, is
independent of thickness for these films. Also, we observe no
obvious deviation from the VFT behavior or change in the width
of the glass transition interval. We estimated the change of heat
capacity ACs(T,) based on the steplike change of the temper-
ature amplitude during the glass transition and found that
ACs(T,) was proportional to the thickness of the film within an
uncertainty of about 25%. Finally, we estimate the thickness of
the layer deviated from the bulky behavior to be less than 1.5
nm.
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